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SEMICONDUCTOR THIN FILM,
SEMICONDUCTOR THIN FILM
MANUFACTURING METHOD AND
SEMICONDUCTOR ELEMENT

TECHNICAL FIELD

The present invention relates to a semiconductor thin film,
a manufacturing method thereof and a semiconductor device
therewith. More particularly, the present invention relates to a
semiconductor thin film obtained by exposing a thin film
containing amorphous oxide to an oxygen plasma, a manu-
facturing method thereof and a semiconductor device there-
with.

BACKGROUND ART

As semiconductors for use in transistors or the like, semi-
conductor thin films containing oxide such as indium oxide,
gallium oxide and tin oxide have been traditionally known.
Such a semiconductor thin film can be formed at low tem-
perature as compared to a semiconductor such as silicon.
Thus, a device having a substrate made of a heat-labile resin
material can be designed (for instance, see Patent Documents
1to 7).

Patent Documents 1 to 7 disclose that: an oxide film for use
as a semiconductor thin film is formed of amorphous oxide
that contains, for instance, indium, zinc and gallium; the
amorphous oxide also contains fine crystals and has an elec-
tron carrier concentration of less than a predetermined value;
and the oxide film is formed in an oxygen atmosphere having
a predetermined concentration.

In addition, Patent Document 5 discloses an oxide film
obtained by forming an amorphous oxide thin film and then
irradiating the amorphous oxide thin film with an oxygen-
containing plasma.
Patent Document 1:
Patent Document 2:
Patent Document 3:
Patent Document 4:
Patent Document 5:
Patent Document 6:
Patent Document 7:

JP-A-2006-165527
JP-A-2006-165528
JP-A-2006-165529
JP-A-2006-165530
JP-A-2006-165531
JP-A-2006-165532
JP-A-2006-173580

DISCLOSURE OF THE INVENTION
Problems to be Solved by the Invention

However, since the oxide film formed in the oxygen atmo-
sphere as disclosed in Patent Documents 1 to 7 is formed of
amorphous oxide, its thermal stability is low and its semicon-
ductor properties may change due to prolonged energization.

Such a problem can be solved by thermally fixing oxygen
by heat. However, as far as heating is required, there are no
advantages in forming a film at low temperature by utilizing
amorphous properties.

In addition, oxygen that is thermally fixed in an amorphous
structure is easily liberated. For instance, when a semicon-
ductor thin film is heated under vacuum, oxygen vacancy
occurs due to the liberation of oxygen. Then, carriers are
increased and thus the semiconductor properties may be
impaired.

Patent Document 5 does not disclose conditions for gener-
ating the oxygen-containing plasma. Thus, when the condi-
tions for generating the oxygen-containing plasma are not
appropriate, the semiconductor properties of the semiconduc-
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2

tor thin film as the oxide film may be impaired by irradiation
of the oxygen-containing plasma.

Inview of the above problems, an object of the invention is
to provide an amorphous semiconductor thin film and a crys-
talline semiconductor thin film manufactured without being
heated and having high semiconductor properties resistant to
heat and prolonged energization, a manufacturing method
thereof, and a semiconductor device therewith.

Means for Solving the Problems

A semiconductor thin film according to an aspect of the
invention contains an amorphous oxide thin film containing
amorphous oxide, the semiconductor thin film being obtained
by exposing the amorphous oxide thin film to an oxygen
plasma generated by exciting an oxygen-containing gas in
high frequency.

According to the aspect of the invention, the oxygen
plasma is efficiently generated in high frequency. Also, the
oxygen plasma is generated by exciting the oxygen-contain-
ing gas. Accordingly, the amorphous oxide thin film is effi-
ciently oxidized.

The amorphous oxide thin film is oxidized by the oxygen
plasma (low-temperature plasma) at low temperature. Since
the surface and inside of such a semiconductor thin film are
easily oxidized, the semiconductor thin film easily becomes
stable against heat and prolonged energization. Thus, the
semiconductor thin film has stable semiconductor properties.

Oxygen fixed by the oxygen plasma is not easily liberated
as compared to oxygen fixed during film formation. Accord-
ingly, in the semiconductor thin film, carriers are hardly
increased by the liberation of oxygen and thus the semicon-
ductor properties are hardly impaired.

Further, since the temperature of a substrate can be main-
tained at low temperature of 200 degrees C. or less by using
the plasma, the semiconductor thin film can be formed on a
substrate of low heat resistance such as a film.

Preferably in the aspect of the invention, the oxygen
plasma is generated under a condition that applied frequency
is 1 kHz or more and 300 MHz or less.

The applied frequency is preferably 100 kHz or more and
100 MHz or less, more preferably 1 MHz or more and 50
MHz or less. An RF plasma of 13.56 MHz is most preferable.
The input power is 100 W or more, preferably 300 W or more.

When the applied frequency is not in the range of 1 kHz to
300 MHz, the oxygen plasma may not be stable. In addition,
a substrate forming a semiconductor thin film or the formed
semiconductor thin film itself may be unfavorably heated by
a high frequency electric field.

Thus, the oxygen plasma can be stably generated when the
applied frequency is 1 kHz or more and 300 MHz or less.

Preferably in the aspect of the invention, the oxygen
plasma is generated under a condition that pressure is 5 Pa or
more and 0.1 MPa or less.

The pressure is more preferably 50 Pa or more and less than
0.01 MPa, further more preferably 100 Pa or more and less
than 1000 Pa.

When the pressure is less than 5 Pa, the amorphous oxide
thin film may not be effectively oxidized. Also, when the
amorphous oxide thin film is crystallized as will be described
later, the progression of the crystallization may be retarded.
When the pressure exceeds 0.1 MPa, the temperature of the
oxygen plasma may be increased and thus the substrate may
be overheated.

Consequently, under the condition that the pressure is 5 Pa
ormore and 0.1 MPa or less, the oxygen plasma can be stably
generated.
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Preferably in the aspect of the invention, the amorphous
oxide thin film is formed by one of a sputtering method,
ion-plating method, vacuum deposition method, sol-gel
method and fine particle application method.

Because heating treatment is not required in forming the
amorphous oxide thin film according to the aspect of the
invention, a heat-labile resin material can be used as the
substrate. When a vacuum device is used, the sputtering
method is effective. The sol-gel method and fine particle
application method are also effective for forming the film at
low cost.

Further, the spattering method is effective for forming the
film on a large substrate or for ensuring smoothness and
uniformity of the surface of the film.

Preferably in the aspect of the invention, the amorphous
oxide thin film is a thin film containing indium oxide as a
main component, and the amorphous oxide thin film contains
positive trivalent metal oxide other than indium oxide.

The “main component” herein means a composition in
which the content of the indium oxide exceeds 50 mass % in
total metal oxides. When positive trivalent metal is referred to
as N, the atomic ratio of In/(In+N) is 0.5 or more and 0.95 or
less, preferably 0.6 or more and 0.9 or less.

When the atomic ratio is less than 0.5, the mobility of the
semiconductor thin film may be reduced. On the other hand,
when the ratio is more than 0.95, the semiconductor thin film
may be crystallized.

Thus, the semiconductor thin film according to the aspect
of the invention becomes amorphous while having high
mobility.

Preferably in the aspect of the invention, the positive triva-
lent metal oxide is at least one or more of metal oxides
selected from boron oxide, aluminum oxide, gallium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

Because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention, the semiconductor
thin film becomes amorphous. Further, the semiconductor
thin film stably functions because oxygen vacancy does not
easily occur.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains indium oxide and positive divalent
metal oxide as main components.

The “main component” herein means a composition in
which the content of the indium oxide and positive divalent
metal oxide exceeds 50 mass % in total metal oxides. When
positive divalent metal is referred to as M, the atomic ratio of
In/(In+M) is 0.2 or more and 0.95 or less, preferably 0.5 or
more and 0.9 or less, in the composition of the indium oxide
and positive divalent metal oxide.

When the atomic ratio is less than 0.2 or more than 0.95, the
semiconductor thin film may be crystallized by plasma treat-
ment.

According to the aspect of the invention, the semiconduc-
tor thin film can be stably amorphous because the amorphous
oxide thin film is easily oxidized.

Preferably in the aspect of the invention, the positive diva-
lent metal oxide is at least one or more of metal oxides
selected from zinc oxide and magnesium oxide.

The mobility of carriers of the amorphous oxide thin film is
not easily reduced according to the aspect of the invention.
Also, the semiconductor thin film effectively becomes amor-
phous by the oxygen plasma.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains at least one or more of metal oxides
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selected from boron oxide, aluminum oxide, gallium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

The oxygen vacancy is further easily reduced in the amor-
phous oxygen thin film according to the aspect of the inven-
tion. Thus, the semiconductor thin film easily becomes amor-
phous.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains zinc oxide and tin oxide as main
components.

The “main components” herein means a composition in
which the content of the zinc oxide and tin oxide exceeds 50
mass % in total metal oxides.

In the composition of the zinc oxide and tin oxide, the
atomic ratio of Zn/(Zn+Sn) is 0.1 or more and 0.9 or less,
preferably 0.2 or more and 0.8 or less.

When the atomic ratio is less than 0.1 or more than 0.9, the
semiconductor thin film may be crystallized by plasma treat-
ment.

Because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention, the semiconductor
thin film easily becomes stably amorphous.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains positive trivalent metal oxide.

The semiconductor thin film easily becomes amorphous
because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention. Further, the semi-
conductor thin film stably functions because the oxygen
vacancy does not easily occur.

Preferably in the aspect of the invention, the positive triva-
lent metal oxide is at least one or more of metal oxides
selected from boron oxide, aluminum oxide, gallium oxide,
indium oxide, scandium oxide, yttrium oxide, lanthanum
oxide, neodymium oxide, samarium oxide, europium oxide,
gadolinium oxide, dysprosium oxide, holmium oxide, erbium
oxide, thulium oxide, ytterbium oxide and lutetium oxide.

The semiconductor thin film easily becomes amorphous
because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention. Further, the semi-
conductor thin film stably functions because the oxygen
vacancy does not easily occur.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains indium oxide and tin oxide as main
components.

The “main components” herein means a composition in
which the content of the indium oxide and tin oxide exceeds
50 mass % in total metal oxides.

In the composition of the indium oxide and tin oxide, the
atomic ratio of In/(In +Sn) is 0.2 or more and 0.8 or less,
preferably 0.5 or more and 0.7 or less.

When the atomic ratio is less than 0.2 or more than 0.8, the
semiconductor thin film may be crystallized.

Because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention, the semiconductor
thin film has high mobility and becomes amorphous.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains positive trivalent metal oxide other
than indium oxide.

According to the aspect of the invention, the amorphous
oxide thin film maintains a stable amorphous structure.
Accordingly, the amorphous oxide thin film is easily oxidized
and thus the semiconductor thin film easily becomes amor-
phous. Also, the semiconductor thin film has stable semicon-
ductor properties because the oxygen vacancy does not easily
occur.
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Preferably in the aspect of the invention, the positive triva-
lent metal oxide is at least one or more of metal oxides
selected from boron oxide, aluminum oxide, gallium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

The semiconductor thin film easily becomes amorphous
because the amorphous oxide thin film is easily oxidized
according to the aspect of the invention. Further, the oxide
semiconductor stably functions because the oxygen vacancy
does not easily occur.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains positive divalent metal oxide.

According to the aspect of the invention, the amorphous
oxide thin film maintains a stable amorphous structure.
Accordingly, the amorphous oxide thin film is easily oxidized
and thus the semiconductor thin film easily becomes amor-
phous. Further, because the oxygen vacancy does not easily
occur, the semiconductor thin film has stable semiconductor
properties.

Preferably in the aspect of the invention, the positive diva-
lent metal oxide is at least one or more of metal oxides
selected from zinc oxide and magnesium oxide.

The mobility of carriers of the amorphous oxide thin film is
not easily reduced according to the aspect of the invention.
Thus, the semiconductor thin film effectively becomes amor-
phous.

Preferably in the aspect of the invention, the amorphous
oxide thin film is a thin film containing indium oxide as a
main component and is crystallized by being exposed to the
oxygen plasma.

According to the aspect of the invention, the amorphous
oxide thin film containing the indium oxide as the main com-
ponent is exposed to the oxygen plasma to obtain a crystalline
indium oxide semiconductor thin film.

The crystallization can occur without heating indium
oxide, so that a semiconductor thin film having high stability
against heat and prolonged energization can be obtained.

In addition, the oxygen vacancy is reduced during the
crystallization of indium oxide because oxygen is fixed to the
semiconductor thin film by the oxygen plasma. Thus, a semi-
conductor thin film having excellent semiconductor proper-
ties can be obtained.

Further, the oxygen crystallized and fixed by the oxygen
plasma is not easily liberated as compared to thermally fixed
oxygen. Thus, carriers are hardly increased by the liberation
of oxygen and thus the semiconductor properties are hardly
impaired.

Because the semiconductor thin film according to the
aspect of the invention is formed without heating treatment,
the semiconductor thin film can be formed on a heat-labile
resin substrate while having excellent semiconductor proper-
ties.

The semiconductor thin film according to the aspect of the
invention is applicable to a drive element of a thin display
device having a substrate made of a flexible resin material
because the heating treatment is not required during and after
the film formation and the indium oxide thin film is transpar-
ent.

Incidentally, the amorphous indium oxide contained in the
amorphous oxide thin film may be an amorphous material
containing fine crystals or a completely amorphous material.
The “amorphous material containing fine crystals” or the
“completely amorphous material” herein means a material in
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which no peakis observed in X-ray diffraction or a material in
which only small peaks are observed in X-ray diffraction of
the crystallized thin film.

Also, the “main component” herein means a composition
in which the content of the indium oxide is 50 mass % or more
in the amorphous oxide thin film. The content of the indium
oxide is preferably 70 mass % or more, and more preferably
80 mass % or more.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains positive divalent metal oxide.

According to the aspect of the invention, the positive diva-
lent metal oxide effectively inhibits the generation of carriers
in the semiconductor thin film. Thus, a semiconductor thin
film that stably functions for a long period can be obtained.

Preferably in the aspect of the invention, the positive diva-
lent metal oxide is at least one or more of metal oxides
selected from zinc oxide, magnesium oxide, nickel oxide,
copper oxide and cobalt oxide.

According to the aspect of the invention, the generation of
carriers can be effectively inhibited and thus a semiconductor
thin film that stably functions for a long period can be
obtained.

Incidentally, addition of iron oxide or manganese oxide
provides no advantage.

Preferably in the aspect of the invention, the amorphous
oxide thin film contains positive trivalent metal oxide.

The oxygen vacancy is reduced by the positive trivalent
metal oxide during the crystallization of indium oxide
according to the aspect of the invention. Thus, a semiconduc-
tor thin film that stably functions can be obtained.

Preferably in the aspect of the invention, the positive triva-
lent metal oxide is at least one or more of metal oxides
selected from boron oxide, aluminum oxide, gallium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

According to the aspect of the invention, the oxygen
vacancy is reduced more effectively and a semiconductor thin
film that stably functions can be obtained.

Incidentally, addition of thallium oxide or the like may
easily lead to the oxygen vacancy, and thus provide no advan-
tage.

A method of manufacturing a semiconductor thin film
according to another aspect of the invention includes expos-
ing an amorphous oxide thin film containing amorphous
oxide to an oxygen plasma generated by exciting an oxygen-
containing gas in high frequency.

Because the amorphous oxide thin film is oxidized by the
oxygen plasma according to the aspect of the invention, a
semiconductor thin film in which oxygen vacancy is reduced
can be obtained at low temperature. Since the surface and
inside of such a semiconductor thin film are easily oxidized,
the oxygen vacancy in the semiconductor thin film is effi-
ciently reduced. Thus, a semiconductor thin film having
stable semiconductor properties can be obtained.

In addition, a semiconductor thin film having low carrier
density can be efficiently manufactured because the oxygen
vacancy can be reduced by the oxygen plasma. Further,
because the temperature of a substrate can be maintained at
low temperature 0o 200 degrees C. or less by using the plasma,
the semiconductor thin film can be formed on a substrate of
low heat resistance such as a film.

Furthermore, because oxygen fixed by the oxygen plasma
is not easily liberated as compared to oxygen fixed during film
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formation, carriers are hardly increased by the liberation of
oxygen and thus the semiconductor properties are hardly
impaired.

A semiconductor device according to still further aspect of
the invention includes the above-described semiconductor
thin film.

The semiconductor device can stably function because the
semiconductor thin film has stable semiconductor properties.

The semiconductor device can be used as, for instance, a
transistor because the semiconductor device has the semicon-
ductor thin film.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 shows a relationship between a ratio of **0/*°Oin a
thin film of Example 1-2 and a ratio of **0/*°0 in a thin film
of Comparative 1-2 according to a first exemplary embodi-
ment of the invention.

FIG. 2 shows relationships between specific resistances of
indium oxide thin films of Example 2-1 and Comparative 2-1
and oxygen concentration during formation of the films
according to a second exemplary embodiment of the inven-
tion.

FIG. 3 shows X-ray diffraction patterns of the indium oxide
thin films of Example 2-1 and Comparative 2-1 according to
the second exemplary embodiment of the invention.

FIG. 4 shows carrier densities of the indium oxide thin
films of Example 2-1 and Comparative 2-1 according to the
second exemplary embodiment of the invention.

FIG. 5 shows a mobility of the indium oxide thin film of
Example 2-1 according to the second exemplary embodiment
of the invention.

FIG. 6 shows relationships between specific resistances of
indium oxide thin films of Example 2-2 and Comparative 2-2
and concentration of zinc oxide according to the second
exemplary embodiment of the invention.

FIG. 7 shows X-ray diffraction patterns of the indium oxide
thin films of Example 2-2 and Comparative 2-2 according to
the second exemplary embodiment of the invention.

FIG. 8 shows carrier densities of the indium oxide thin
films of Example 2-2 and Comparative 2-2 according to the
second exemplary embodiment of the invention.

FIG. 9 shows a mobility of the indium oxide thin film of
Example 2-2 according to the second exemplary embodiment
of the invention.

FIG. 10 shows relationships between specific resistances
of indium oxide thin films of Example 2-3 and Comparative
2-3 and oxygen concentration during formation of the films
according to the second exemplary embodiment of the inven-
tion.

FIG. 11 shows X-ray diffraction patterns of the indium
oxide thin films of Example 2-3 and Comparative 2-3 accord-
ing to the second exemplary embodiment of the invention.

FIG. 12 shows carrier densities of the indium oxide thin
films of Example 2-3 and Comparative 2-3 according to the
second exemplary embodiment of the invention.

FIG. 13 shows a mobility of the indium oxide thin film of
Example 2-3 according to the second exemplary embodiment
of the invention.

FIG. 14 shows a relationship between a specific resistance
of an indium oxide thin film of Example 2-5 and amplifier
power in plasma treatment according to the second exemplary
embodiment of the invention.

FIG. 15 shows a relationship between the specific resis-
tance of the indium oxide thin film of Example 2-5 and
plasma exposed time according to the second exemplary
embodiment of the invention.
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FIG. 16 shows a relationship between a specific resistance
of indium oxide thin film of Example 2-6 and zinc oxide
concentration according to the second exemplary embodi-
ment of the invention.

BEST MODE FOR CARRYING OUT THE
INVENTION

First Exemplary Embodiment

In a first exemplary embodiment, an amorphous semicon-
ductor thin film is formed by exposing an amorphous oxide
thin film containing amorphous oxide to an oxygen plasma
generated by exciting an oxygen-containing gas in high fre-
quency.

The first exemplary embodiment of the invention will be
described below.

[Amorphous Oxide Thin Film]

The amorphous oxide thin film of the first exemplary
embodiment contains indium oxide as a main component and
also contains positive trivalent metal oxide. The “main com-
ponent” herein means a composition in which the content of
the indium oxide exceeds 50 mass %.

Also, when positive trivalent metal is referred to as N, the
atomic ratio of In/(In +N) is 0.5 or more and 0.95 or less,
preferably 0.6 or more and 0.9 or less.

When the atomic ratio is less than 0.5, the mobility may be
lowered. When the atomic ratio is more than 0.95, the amor-
phous oxide thin film may provide a crystallized semiconduc-
tor thin film.

Examples of the positive trivalent metal oxide include
boron oxide, aluminum oxide, gallium oxide, scandium
oxide, yttrium oxide, lanthanum oxide, neodymium oxide,
samarium oxide, europium oxide, gadolinium oxide, dyspro-
sium oxide, holmium oxide, erbium oxide, thulium oxide,
ytterbium oxide and lutetium oxide.

The amorphous oxide thin film may contain single one of
the above positive trivalent metal oxides, or may contain two
or more thereof.

The amorphous oxide thin film of the first exemplary
embodiment may contain indium oxide and a positive diva-
lent metal compound as main components.

The “main components” herein means a composition in
which the content of the indium oxide and positive divalent
metal compound exceeds 50 mass %.

When positive divalent metal is referred to as M, the atomic
ratio of In/(In +M) is 0.2 or more and 0.95 or less, preferably
0.5 or more and 0.9 or less, in the composition of the indium
oxide and positive divalent metal compound.

When the atomic ratio is less than 0.2 or more than 0.95,
crystallization may occur due to plasma treatment.

Preferably, the positive divalent metal oxide is zinc oxide
or magnesium oxide. The amorphous oxide thin film may
contain one or both of zinc oxide and magnesium oxide.

The amorphous oxide thin film containing indium oxide
and a positive divalent metal compound as the main compo-
nents may further contain at least one or more of metal oxides
selected from boron oxide, aluminum oxide, gallium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

The amorphous oxide thin film of the first exemplary
embodiment may contain zinc oxide and tin oxide as main
components.
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Specifically, the “main components™ herein means a com-
position in which the content of the zinc oxide and tin oxide
exceeds 50 mass %.

In the composition of the zinc oxide and tin oxide, the
atomic ratio of Zn/(Zn+Sn) is 0.1 or more and 0.9 or less,
preferably 0.2 or more and 0.8 or less.

When the atomic ratio is less than 0.1 or more than 0.9, the
amorphous oxide thin film may provide a crystallized semi-
conductor thin film.

The amorphous oxide thin film containing zinc oxide and
tin oxide as the main components may further contain posi-
tive trivalent metal oxide.

Examples of the positive trivalent metal oxide include
boron oxide, aluminum oxide, gallium oxide, indium oxide,
scandium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gadolinium
oxide, dysprosium oxide, holmium oxide, erbium oxide, thu-
lium oxide, ytterbium oxide and lutetium oxide.

The amorphous oxide thin film may contain single one of
the above positive trivalent metal oxides, or may contain two
or more thereof.

The amorphous oxide thin film of the first exemplary
embodiment may contain indium oxide and tin oxide as main
components.

Specifically, the “main components™ herein means a com-
position in which the content of the indium oxide and tin
oxide exceeds 50 mass %.

In the composition of the indium oxide and tin oxide, the
atomic ratio of In/(In+Sn) is 0.2 or more and 0.8 or less,
preferably 0.5 or more and 0.7 or less.

When the atomic ratio is less than 0.2 or more than 0.8, the
amorphous oxide thin film may provide a crystallized semi-
conductor thin film.

The amorphous oxide thin film containing indium oxide
and tin oxide as the main components may further contain
positive trivalent metal oxide. Examples of the positive triva-
lent metal oxide include boron oxide, aluminum oxide, gal-
lium oxide, scandium oxide, yttrium oxide, lanthanum oxide,
neodymium oxide, samarium oxide, europium oxide, gado-
linilum oxide, dysprosium oxide, holmium oxide, erbium
oxide, thulium oxide, ytterbium oxide and lutetium oxide.

The amorphous oxide thin film may contain single one of
the above positive trivalent metal oxides, or may contain two
or more thereof.

The amorphous oxide thin film containing indium oxide
and tin oxide as the main components may further contain
positive divalent metal oxide.

Preferably, the positive divalent metal oxide is zinc oxide
or magnesium oxide. The amorphous oxide thin film may
contain one or both of zinc oxide and magnesium oxide.

The amorphous oxide thin film of the first exemplary
embodiment is formed on a substrate by a sputtering method,
ion-plating method, vacuum deposition method, sol-gel
method or fine particle application method. When a vacuum
device is used, the sputtering method is effective. The sol-gel
method and fine particle application method are also effective
to form the film at low cost.

Examples of the substrate include a glass substrate such as
an alkali-free glass, alkali glass and soda-lime glass, and a
plastic film such as a polycarbonate film, polyarylate film,
polyethersulfone film, polymethylmethacrylate film, poly-
ethylene terephthalate film, polyethylene naphthalate film,
polyacetylcellulose film and polystyrene film.

Since the semiconductor thin film can be formed without
heating treatment, a heat-labile resin material may be used as
the substrate.

10

15

20

25

30

35

40

45

50

55

60

65

10

[Treatment by Oxygen Plasmal]

An oxygen plasma used for manufacturing the amorphous
semiconductor in the first exemplary embodiment is a high-
frequency plasma generated by exciting an oxygen-contain-
ing gas.

The oxygen plasma is generated under the condition that
applied frequency is 1 kHz or more and 300 MHz or less and
pressure is 5 Pa or more and 0.1 MPa or less.

When the applied frequency is less than 1 kHz, the oxygen
plasma may not be stable. When the applied frequency is
more than 300 MHz, the oxygen plasma may not be generated
or may be unstable. In addition, by applying a high frequency
electric field, the substrate for forming the semiconductor thin
film or the formed thin film itself may be heated.

The applied frequency is preferably 100 kHz or more and
100 MHz or less, more preferably 1 MHz or more and 50
MHz or less. An RF plasma of 13.56 MHz is most preferable.

When the pressure is less than 5 Pa, oxidization may not
effectively occur.

The input power is 100 W or more, preferably 300 W or
more.

Advantages of First Exemplary Embodiment

According to the first exemplary embodiment, the follow-
ing advantages can be attained.

(1) In the first exemplary embodiment, the amorphous
semiconductor thin film can be obtained by exposing the
amorphous oxide thin film containing the amorphous oxide
with the above-described atomic ratio to the oxygen plasma
generated by exciting the oxygen-containing gas in high fre-
quency.

Since the amorphous oxide thin film is oxidized by the
oxygen plasma at low temperature, the semiconductor thin
film easily becomes amorphous.

Such an amorphous semiconductor film has stable semicon-
ductor properties because the surface and inside of the semi-
conductor thin film are easily oxidized.

Oxygen fixed by the oxygen plasma is not easily liberated
as compared to oxygen fixed in the formation of the film.
Thus, in the semiconductor thin film, carriers are hardly
increased by the liberation of oxygen and thus the semicon-
ductor properties are hardly impaired.

Further, since the temperature of the substrate can be main-
tained at low temperature of 200 degrees C. or less by using
the plasma, the semiconductor thin film can be formed on a
substrate of low heat resistance such as a film.

(2) Since the oxygen plasma is a high-frequency plasma in
the first exemplary embodiment, the oxygen plasma can be
effectively generated.

The condition for generating the oxygen plasma is that the
applied frequency is 1 kHz or more and 300 MHz or less and
the pressure is 5 Pa or more and 0.1 MPa or less. Thus, the
oxygen plasma can be stably generated and therefore a semi-
conductor thin film that stably functions can be obtained
without heating the amorphous oxide thin film.

(3) Since the oxygen-containing gas is excited to generate
the oxygen plasma in the first exemplary embodiment, the
oxygen plasma is incorporated into the amorphous oxide thin
film. Accordingly, the amorphous oxide thin film containing
the amorphous oxide with the atomic ratio described above in
the first exemplary embodiment is effectively oxidized. Thus,
a semiconductor thin film that easily becomes amorphous can
be obtained.

(4) Since the amorphous oxide thin film is formed by the
sputtering method, ion-plating method, vacuum deposition
method, sol-gel method or fine particle application method in
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the first exemplary embodiment, heating treatment is not
required in forming the amorphous oxide thin film. Thus, for
instance, a heat-labile resin material can be used as the sub-
strate.

(5) The amorphous oxide thin film contains indium oxide
as the main component and also contains positive trivalent
metal oxide in the first exemplary embodiment. When indium
oxide is referred to as In and positive trivalent metal is
referred to as N, the atomic ratio of In/(In +N) is 0.5 or more
and 0.95 or less. Thus, an amorphous semiconductor thin film
having high mobility can be obtained.

Since the content of the indium oxide in total metal oxides
exceeds 50 mass % and the atomic ratio of In/(In +N) is 0.95
or less, the mobility of the amorphous semiconductor thin
film is not easily reduced. In addition, the semiconductor thin
film is not easily crystallized.

The amorphous oxide thin film containing indium oxide as
the main component is easily oxidized by further containing
positive trivalent metal oxide such as boron oxide. Thus, the
semiconductor thin film easily becomes amorphous. Also, the
semiconductor thin film can stably function because the oxy-
gen vacancy does not easily occur.

(6) According to the first exemplary embodiment, the
amorphous oxide thin film contains indium oxide and positive
divalent metal oxide as the main components, and therefore
the amorphous oxide thin film can be easily oxidized. When
positive divalent metal is referred to as M, the atomic ratio of
In/(In +M) is 0.2 or more and 0.95 or less. Thus, the semi-
conductor thin film becomes amorphous.

In the amorphous oxide thin film containing indium oxide
and positive divalent metal oxide as the main components, the
positive divalent metal oxide is at least one or more of zinc
oxide and magnesium oxide. Accordingly, the mobility of
carriers is not easily reduced. Thus, the semiconductor thin
film effectively becomes amorphous.

Also, when the amorphous oxide thin film containing
indium oxide and positive divalent metal oxide as the main
components further contains metal oxide such as boron oxide,
the oxygen vacancy is further reduced. Thus, the semicon-
ductor thin film becomes amorphous.

(7) According to the first exemplary embodiment, the
amorphous oxide thin film contains zinc oxide and tin oxide
as the main components, and therefore the film can be easily
oxidized. When zinc oxide is referred to as Zn and tin oxide is
referred to as Sn, the atomic ratio of Zn/(Zn+Sn) is 0.1 or
more and 0.9 or less. Thus, the semiconductor thin film
becomes amorphous.

Further, since the atomic ratio of Zn/(Zn+Sn) is 0.1 or more
and 0.9 or less in the composition of the zinc oxide and tin
oxide, the film is hardly crystallized.

When the amorphous oxide thin film containing zinc oxide
and tin oxide as the main components further contains posi-
tive trivalent metal oxide, the amorphous oxide thin film is
easily oxidized. Thus, the semiconductor thin film easily
becomes amorphous. In addition, the semiconductor thin film
can stably function because the oxygen vacancy does not
easily occur.

When the amorphous oxide thin film containing zinc oxide
and tin oxide as the main components further contains posi-
tive trivalent metal oxide such as boron oxide, the amorphous
oxide thin film is easily oxidized. Thus, the semiconductor
thin film easily becomes amorphous. In addition, the semi-
conductor thin film can stably function because the oxygen
vacancy does not easily occur.

(8) According to the first exemplary embodiment, the
amorphous oxide thin film contains indium oxide and tin
oxide as the main components, and thus the amorphous oxide
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thin film is easily oxidized. When indium oxide is referred to
as In and tin oxide is referred to as Sn, the atomic ratio of
In/(In +Sn) is 0.2 or more and 0.8 or less. Thus, the semicon-
ductor thin film has high mobility and becomes amorphous.

When the amorphous oxide thin film containing indium
oxide and tin oxide as the main components further contains
positive trivalent metal oxide other than indium oxide, the
semiconductor thin film easily becomes amorphous. In addi-
tion, the semiconductor thin film can stably function because
the oxygen vacancy does not easily occur.

In the amorphous oxide thin film containing indium oxide
and tin oxide as the main components and further containing
positive trivalent metal oxide other than indium oxide, the
positive trivalent metal oxide is, for instance, boron oxide.
Thus, the semiconductor thin film easily becomes amor-
phous. In addition, the semiconductor thin film can stably
function because the oxygen vacancy does not easily occur.

The amorphous oxide thin film containing indium oxide
and tin oxide as the main components further contains posi-
tive divalent metal oxide. Thus, the amorphous oxide thin film
maintains a stable amorphous structure. Since the amorphous
oxide thin film is easily oxidized, the semiconductor thin film
easily becomes amorphous. In addition, the semiconductor
thin film can stably function because the oxygen vacancy
does not easily occur.

In the amorphous oxide thin film containing indium oxide
and tin oxide as the main components and further containing
positive divalent metal oxide, the positive divalent metal
oxide is at least one or more of zinc oxide and magnesium
oxide. Thus, the mobility of carriers is not easily reduced in
the amorphous oxide thin film. Since the amorphous oxide
thin film is effectively oxidized, the semiconductor thin film
becomes amorphous.

Second Exemplary Embodiment

While the amorphous oxide thin film containing the amor-
phous oxide is exposed to the oxygen plasma generated by
exciting an oxygen-containing gas in high frequency so as to
form an amorphous semiconductor thin film in the first exem-
plary embodiment, an amorphous oxide thin film containing
an amorphous oxide is exposed to an oxygen plasma gener-
ated by exciting an oxygen-containing gas so as to form a
crystalline semiconductor thin film in a second exemplary
embodiment.

The second exemplary embodiment of the invention will be
described below.

In the second exemplary embodiment, the description of
the same contents as in the first exemplary embodiment will
be omitted or simplified.

[Amorphous Oxide Thin Film]

An amorphous oxide thin film of the second exemplary
embodiment contains amorphous indium oxide as a main
component. Specifically, the amorphous oxide thin film con-
tains 50 mass % or more of indium oxide. The content of
indium oxide is preferably 70 mass % or more, more prefer-
ably 80 mass % or more.

The amorphous indium oxide contained in the amorphous
oxide thin film may be an amorphous material containing fine
crystals or a completely amorphous material.

The amorphous oxide thin film of the second exemplary
embodiment contains positive divalent metal oxide.

Examples of the positive divalent metal oxide include zinc
oxide, magnesium oxide, nickel oxide, copper oxide and
cobalt oxide.
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The amorphous oxide thin film may contain one of the
above positive divalent metal oxides, or may contain two or
more thereof.

The additive amount of the positive divalent metal oxide is
not particularly limited as long as crystallization of indium
oxide by an oxygen plasma is not inhibited, but, for instance,
the additive amount is preferably less than 10 mass % in total
metal oxides.

When the additive amount is 10 mass % or more, indium
oxide may not be crystallized or it may take too much time for
crystallization.

Also, the amorphous oxide thin film of the second exem-
plary embodiment contains positive trivalent metal oxide.

Examples of the positive trivalent metal oxide include
boron oxide, aluminum oxide, gallium oxide, scandium
oxide, yttrium oxide, lanthanum oxide, neodymium oxide,
samarium oxide, europium oxide, gadolinium oxide, dyspro-
sium oxide, holmium oxide, erbium oxide, thulium oxide,
ytterbium oxide and lutetium oxide.

The amorphous oxide thin film may contain one of the
above positive trivalent metal oxides, or may contain two or
more thereof.

The additive amount of the positive trivalent metal oxide is
not particularly limited as long as the crystallization of
indium oxide by the oxygen plasma is not inhibited, but, for
instance, the additive amount is preferably less than 10
mass % in total metal oxides.

When the additive amount is 10 mass % or more, indium
oxide may not be crystallized or it may take too much time for
crystallization.

The amorphous oxide thin film of the second exemplary
embodiment is formed on a substrate in the same manner as in
the first exemplary embodiment.

Incidentally, the amorphous oxide thin film of the second
exemplary embodiment is preferably formed by a spattering
method so that the film can be formed on a large substrate and
have surface smoothness and uniformity.

[Treatment by Oxygen Plasmal]

In the second exemplary embodiment, the amorphous
oxide thin film is treated by the same oxygen plasma as in the
first exemplary embodiment to manufacture a crystalline
semiconductor.

The pressure during the treatment of the oxygen plasma in
this exemplary embodiment is preferably 5 Pa or more and 0.1
MPa or less, more preferably 50 Pa or more and less than 0.01
Mpa, further more preferably 100 Pa or more and less than
1000 Pa. When the pressure is less than 5 Pa, the crystalliza-
tion progresses slowly. When the pressure is more than 0.1
MPa, the temperature of the plasma is increased and thus the
amorphous oxide thin film is heated.

Advantages of Second Exemplary Embodiment

According to the second exemplary embodiment, the fol-
lowing advantages as well as the above-described advantages
(3) and (4) of the first exemplary embodiment can be attained.

(9) According to the second exemplary embodiment, the
crystalline indium oxide semiconductor thin film can be
obtained by exposing the amorphous oxide thin film contain-
ing the above-described amorphous indium oxide as the main
component to the oxygen plasma in a high frequency electric
field.

In other words, the indium oxide can be crystallized with-
out being heated. Thus, a crystalline semiconductor thin film
having high stability against heat and prolonged energization
can be obtained.
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Also, the oxygen vacancy is reduced during the crystalli-
zation of indium oxide because oxygen is fixed to the crys-
talline semiconductor thin film by the oxygen plasma. Thus,
a crystalline semiconductor thin film having excellent semi-
conductor properties can be obtained.

Since the oxygen fixed by the oxygen plasma is not easily
liberated as compared to thermally fixed oxygen, carriers are
hardly increased by the liberation of oxygen and thus the
semiconductor properties are hardly impaired.

(10) Since the oxygen plasma is generated by exciting the
oxygen-containing gas according to the second exemplary
embodiment, indium oxide contained in the amorphous oxide
thin film is crystallized by the oxygen plasma and excited
oxygen atoms are incorporated into the amorphous oxide thin
film. Accordingly, the oxygen vacancy can be reduced when
indium oxide is crystallized. Thus, a crystalline semiconduc-
tor thin film that stably functions can be obtained.

Since the oxygen fixed by the oxygen plasma is not easily
liberated as compared to thermally fixed oxygen, carriers are
hardly increased by the liberation of oxygen and thus the
semiconductor properties are hardly impaired.

(11) The positive divalent metal oxide contained in the
amorphous oxide thin film effectively inhibits the generation
of carriers in the second exemplary embodiment. Thus, the
semiconductor thin film stably functions for a long period.

Also, since the additive amount of the positive divalent
metal oxide is less than 10 mass % in total metal oxides, the
crystallization of indium oxide by the oxygen plasma is not
easily inhibited.

(12) Since the positive trivalent metal oxide contained in
the amorphous oxide thin film reduces the oxygen vacancy
during the crystallization of indium oxide in the second exem-
plary embodiment, the obtained semiconductor thin film sta-
bly functions.

Also, since the additive amount of the positive trivalent
metal oxide is less than 10 mass % in total metal oxides, the
crystallization of indium oxide by the oxygen plasma is not
easily inhibited.

EXAMPLES

The above-described embodiments will be described in
further detail below with reference to Examples and Com-
paratives. It should be noted that the invention is not limited to
Examples at all.

Examples of First Exemplary Embodiment
Comparative 1-1

With the use of an RF (radio frequency) magnetron sput-
tering apparatus (manufactured by SHIMADZU CORPO-
RATION, brand name: HMS-552), an indium oxide-gallium
oxide-zinc oxide (IGZO) thin film having thickness of 100
nm was formed on a glass by sputtering at room temperature
in the presence of argon gas.

A target (manufactured by Idemitsu Kosan Co., Ltd.) was
made of indium oxide, gallium oxide and zinc oxide (molar
ratio of In:Ga:Zn=1:1:1).

Example 1-1
The IGZO thin film obtained in Comparative 1-1 was

exposed for 10 minutes to an oxygen plasma generated under
the condition that frequency was 13.56 MHz, amplifier power
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was 500 W and oxygen pressure was 330 Pa. During this
plasma treatment, the temperature of a substrate was less than
120 degrees C.

Evaluation of IGZO Thin Films of Example 1-1 and
Comparative 1-1

X-ray diffraction was conducted on the IGZO thin film as
an amorphous oxide thin film obtained in Comparative 1-1
and the IGZO thin film exposed to the oxygen plasma
obtained in Example 1-1. The thin film obtained in Compara-
tive 1-1 was amorphous because an X-ray diffraction peak
was not observed. The IGZO thin film exposed to the oxygen
plasma obtained in Example 1-1 was also amorphous because
an X-ray diffraction peak was not observed.

Table 1 shows specific resistances of the IGZO thin film of
Example 1-1 and the IGZO thin film of Comparative 1-1.

The IGZO thin film of Example 1-1 had a specific resis-
tance of 4.44 E*> Qcm and the IGZO thin film of Comparative
1-1 had a specific resistance of 2.95 E= Qcm. The specific
resistance of the IGZO thin film of Example 1-1 was larger
than the specific resistance of the IGZO thin film of Com-
parative 1-1 because the IGZO thin film of Example 1-1 was
treated by the oxygen plasma. Thus, it was found that the
IGZO thin film of Example 1-1 was a semiconductor thin
film.

TABLE 1
specific resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered IGZO film 2.95E72 1.16E*? 18.2
plasma-treated 4,44+ 1.18E*14 11.9
1GZO film

Table 1 also shows carrier densities and mobilities of the
1IGZO thin film of Example 1-1 and the IGZO thin film of
Comparative 1-1, which were obtained by Hall measurement.

The IGZO thin film of Example 1-1 had a carrier density of
1.18 E*'*cm® and a mobility of 11.9 cm?/V-sec. On other
hand, the IGZO thin film of Comparative 1-1 had a carrier
density of 1.16 E*'/cm® and a mobility of 18.2 cm®/V-sec.

Accordingly, it was found that the IGZO thin film of
Example 1-1, the carrier density of which was lower than that
of the IGZO thin film of Comparative 1-1, was obtained by
exposing the IGZO thin film of Comparative 1-1 to the oxy-
gen plasma.

Also, it was found that the IGZO thin film of Example 1-1,
the mobility of which was lower than that of the IGZO thin
film of Comparative 1-1, was obtained by exposing the IGZO
thin film of Comparative 1-1 to the oxygen plasma.

Comparative 1-2

The IGZO thin film of Comparative 1-1 was plasma-
treated in the presence of normal oxygen.

Example 1-2

The IGZO thin film of Comparative 1-1 was plasma-
treated in the presence of isotope ‘*0,.

Evaluation of IGZO Thin Films of Example 1-2 and
Comparative 1-2

SIMS analysis was conducted on the thin film obtained in
Example 1-2 to obtain the ratio of **0/*0 in the thin film.
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SIMS analysis was also conducted on the thin film obtained in
Comparative 1-2 to obtain the ratio of 0, in the thin film.
FIG. 1 shows a relationship of the above measurement results.
FIG. 1 shows the increment of ®0 in Example 1-2 where the
plasma-treatment was applied using '*0, oxygen when the
ratio of **0/'°0 in Comparative 1-2 where the plasma-treat-
ment was applied using normal oxygen is 1.0 E*°. As seen
from FIG. 1, 30 was observed within 15 nm from the surface
in the semiconductor thin film that was plasma-treated using
180, oxygen. Accordingly, it was found that oxygen was
incorporated into the thin film by the plasma treatment. By
exposing the amorphous oxide thin film to the oxygen
plasma, oxygen was incorporated into the thin film.

From Table 1 and the relationship shown in FIG. 1, it was
found that, because oxygen was incorporated into the IGZO
thin film exposed to the oxygen plasma, the carrier density
was reduced and the specific resistance was increased as
compared to those of the IGZO thin film that was not exposed
to the oxygen plasma.

Example 1-3 and Comparative 1-3

Exceptthat a target containing indium oxide and zinc oxide
(molar ratio of In:Zn=8:2) was used, indium oxide-zinc oxide
(IZO) thin films were formed in the same manner as in
Example 1-1 and Comparative 1-1.

Evaluation of IZO Thin Films of Example 1-3 and
Comparative 1-3

The X-ray diffraction was conducted on the IZO thin film
as an amorphous oxide thin film obtained in Comparative 1-3
and the 170 thin film exposed to the oxygen plasma obtained
in Example 1-3. The thin film obtained in Comparative 1-3
was amorphous because an X-ray diffraction peak was not
observed. The 170 thin film exposed to the oxygen plasma
obtained in Example 1-3 was also amorphous because an
X-ray diftraction peak was not observed.

Table 2 shows specific resistances of the IZO thin film of
Example 1-3 and the IZO thin film of Comparative 1-3.

The IZO thin film of Example 1-3 had a specific resistance
0f2.86 E** Qcm and the IZO thin film of Comparative 1-3 had
a specific resistance of 2.56 E* Qcm. The specific resistance
of the 1ZO thin film of Example 1-3 was larger than the
specific resistance of the 1ZO thin film of Comparative 1-3
because the IZ0 thin film of Example 1-3 was treated by the
oxygen plasma. Thus, it was found that the IZO thin film of
Example 1-3 was a semiconductor thin film.

TABLE 2
specific resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered IZO film 2.56E7* 7.12E+%° 34.2
plasma-treated [ZO 2.86E*2 1.95E*13 11.3

film

Table 2 also shows carrier densities and mobilities of the
170 thin film of Example 1-3 and the IZO thin film of Com-
parative 1-3, which were obtained by Hall measurement.

The 17O thin film of Comparative 1-3 had a carrier density
of 1.95 E*'%/cm® and a mobility of 11.3 cm*V-sec. On other
hand, the IZO thin film of Comparative 1-3 had a carrier
density of 7.12 E***/cm® and a mobility of 34.2 cm®/V-sec.

Accordingly, it was found that the 1ZO thin film of
Example 1-3, the carrier density of which was lower than that
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of the IZO thin film of Comparative 1-3, was obtained by
exposing the IZO thin film of Comparative 1-3 to the oxygen
plasma.

Also, it was found that the IZO thin film of Example 1-3,
the mobility of which was lower than that of the IZO thin film
of Comparative 1-3, was obtained by exposing the IZO thin
film of Comparative 1-3 to the oxygen plasma.

Example 1-4 and Comparative 1-4

Except that a target containing indium oxide, tin oxide and
zinc oxide (molar ratio of In:Sn:Zn=1:1:1) was used, indium
oxide-tin oxide-zinc oxide (ITZO) thin films were formed in
the same manner as in Example 1-1 and Comparative 1-1.

Evaluation of ITZO Thin Films of Example 1-4 and
Comparative 1-4

The X-ray diffraction was conducted on the ITZO thin film
as an amorphous oxide thin film obtained in Comparative 1-4
and the ITZO thin film exposed to the oxygen plasma
obtained in Example 1-4. The ITZO thin film obtained in
Comparative 1-4 was amorphous because an X-ray diffrac-
tion peak was not observed. The ITZO thin film exposed to
the oxygen plasma obtained in Example 1-4 was also amor-
phous because an X-ray diffraction peak was not observed.

Table 3 shows specific resistances of the ITZO thin film of
Example 1-4 and the ITZO thin film of Comparative 1-4.

The ITZO thin film of Example 1-4 had a specific resis-
tance of 6.02 E*° Qcm and the ITZO thin film of Comparative
1-4 had a specific resistance of 2.63 E> Qcm. The specific
resistance of the ITZO thin film of Example 1-4 was larger
than that of the ITZO thin film of Comparative 1-4 because
the ITZO thin film of Example 1-4 was treated by the oxygen
plasma. Thus, it was found that the [TZO thin film of Example
1-4 was a semiconductor thin film.

TABLE 3
specific resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered ITZO film 2.63E73 5.51EY 43.1
plasma-treated 6.02E+° 5.35E+Y7 1.94

ITZO film

Table 3 also shows carrier densities and mobilities of the
ITZO thin film of Example 1-4 and the ITZO thin film of
Comparative 1-4, which were obtained by Hall measurement.

The ITZO thin film of Example 1-4 had a carrier density of
5.35 E*"7/em® and a mobility of 1.94 cm?*/V-sec. On other
hand, the ITZO thin film of Comparative 1-4 had a carrier
density of 5.51 E*'®/cm® and a mobility of 43.1 cm®/V-sec.

Accordingly, it was found that the ITZO thin film of
Example 1-4, the carrier density of which was lower than that
of the ITZO thin film of Comparative 1-4, was obtained by
exposing the ITZO thin film of Comparative 1-4 to the oxygen
plasma.

Also, it was found that the I'TZO thin film of Example 1-4,
the mobility of which was lower than that of the ITZO thin
film of Comparative 1-4, was obtained by exposing the ITZO
thin film of Comparative 1-4 to the oxygen plasma.

Example 1-5 and Comparative 1-5

Except that a target containing zinc oxide and tin oxide
(molar ratio of Zn:Sn=6:4) was used, zinc oxide-tin oxide
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(ZTO) thin films were formed in the same manner as in
Example 1-1 and Comparative 1-1.

Evaluation of ZTO Thin Films of Example 1-5 and
Comparative 1-5

The X-ray diffraction was conducted on the ZTO thin film
as an amorphous oxide thin film obtained in Comparative 1-5
and the ZTO thin film exposed to the oxygen plasma obtained
in Example 1-5. The ZTO thin film obtained in Comparative
1-5 was amorphous because an X-ray diffraction peak was
not observed. The ZTO thin film exposed to the oxygen
plasma obtained in Example 1-5 was also amorphous because
an X-ray diffraction peak was not observed.

Table 4 shows specific resistances of the ZTO thin film of
Example 1-5 and the ZTO thin film of Comparative 1-5.

The ZTO thin film of Example 1-5 had a specific resistance
of 1.61 E*! Qem, and the ZTO thin film of Comparative 1-5
had a specific resistance of 7.75 E=2 Qcm. The specific resis-
tance ofthe ZTO thin film of Example 1-5 was larger than that
of'the ZTO thin film of Comparative 1-5 because the ZTO thin
film of Example 1-5 was treated by the oxygen plasma. Thus,
it was found that the ZTO thin film of Example 1-5 was a
semiconductor thin film.

TABLE 4
specific resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered ZTO film 7.75E2 4.42E+18 18.2
plasma-treated 1.61E*! 2.76E7 1.4
ZTO film
Table 4 also shows carrier densities and mobilities of the

ZTO thin film of Example 1-5 and the ZTO thin film of
Comparative 1-5, which were obtained by Hall measurement.

The ZTO thin film of Example 1-5 had a carrier density of
2.76 E*/cm® and a mobility of 1.4 cm?*/V-sec. On other
hand, the ZTO thin film of Comparative 1-5 had a carrier
density of 4.42 E*'®/cm® and a mobility of 18.2 cm?/V-sec.

Accordingly, it was found that the ZTO thin film of
Example 1-5, the carrier density of which was lower than that
of the ZTO thin film of Comparative 1-5, was obtained by
exposing the ZTO thin film of Comparative 1-5 to the oxygen
plasma.

Also, it was found that the ZTO thin film of Example 1-5,
the mobility of which was lower than that of the ZTO thin film
of Comparative 1-5, was obtained by exposing the ZTO thin
film of Comparative 1-5 to the oxygen plasma.

Example 1-6 and Comparative 1-6

Except that a target containing zinc oxide, tin oxide and
ytterbium oxide (molar ratio of Zn:Sn:Yb=20:76:4) was
used, zinc oxide-tin oxide-ytterbium oxide (ZTYbO) thin
films were formed in the same manner as in Example 1-1 and
Comparative 1-1.

Evaluation of ZTYbO Thin Films of Example 1-6
and Comparative 1-6

The X-ray diftraction was conducted on the ZTYbO thin
film as an amorphous oxide thin film obtained in Comparative
1-6 and the ZTYbO thin film exposed to the oxygen plasma
obtained in Example 1-6. The ZTYbO thin film obtained in
Comparative 1-6 was amorphous because an X-ray diffrac-
tion peak was not observed. The ZTYbO thin film exposed to



US 9,249,032 B2

19

the oxygen plasma obtained in Example 1-6 was also amor-
phous because an X-ray diffraction peak was not observed.
Table 5 shows specific resistances of the ZTYbO thin film
of Example 1-6 and the ZTYbO thin film of Comparative 1-6.
The ZTYbO thin film of Example 1-6 had a specific resis-
tance of 5.61 E*° Qcm, and the ZTYbO thin film of Com-
parative 1-6 had a specific resistance of 7.21 E~> Qcm. The
specific resistance of the ZTYbO thin film of Example 1-6
was larger than that of the ZTYDbO thin film of Comparative
1-6 because the ZTYDbO thin film of Example 1-6 was treated
by the oxygen plasma. Thus, it was found that the ZTYbO
thin film of Example 1-6 was a semiconductor thin film.

TABLE 5
specific resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered ZTYbO 7.21E7! 43418 1.99
film
plasma-treated 5.61E*° 6.36E717 1.75
ZTYbO film

Table 5 also shows carrier densities and mobilities of the
ZTYbO thin film of Example 1-6 and the ZTYDbO thin film of
Comparative 1-6, which were obtained by Hall measurement.

The ZTYDO thin film of Example 1-6 had a carrier density
of 6.36 E**7/cm® and a mobility of 1.75 cm?/V-sec. On other
hand, the ZTYbO thin film of Comparative 1-6 had a carrier
density of 4.34 E*'®/cm® and a mobility of 1.99 cm?/V-sec.

Accordingly, it was found that the ZTYbO thin film of
Example 1-6, the carrier density of which was lower than that
of'the ZTYbO thin film of Comparative 1-6, was obtained by
exposing the ZTYbO thin film of Comparative 1-6 to the
oxygen plasma.

Also, it was found that the ZTYDbO thin film of Example
1-6, the mobility of which was lower than that of the ZTYbO
thin film of Comparative 1-6, was obtained by exposing the
ZTYDbO thin film of Comparative 1-6 to the oxygen plasma.

Example 1-7 and Comparative 1-7

Except that a target containing indium oxide and tin oxide
(molar ratio of In:Sn=60:40) was used, indium oxide-tin
oxide (ITO) thin films were formed in the same manner as in
Example 1-1 and Comparative 1-1.

Evaluation of ITO Thin Films of Example 1-7 and
Comparative 1-7

The X-ray diffraction was conducted on the ITO thin film
as an amorphous oxide thin film obtained in Comparative 1-7
and the I'TO thin film exposed to the oxygen plasma obtained
in Example 1-7. The ITO thin film obtained in Comparative
1-7 was amorphous because an X-ray diffraction peak was
not observed. The ITO thin film exposed to the oxygen
plasma obtained in Example 1-7 was also amorphous because
an X-ray diffraction peak was not observed.

Table 6 shows specific resistances of the ITO thin film of
Example 1-7 and the ITO thin film of Comparative 1-7.

The ITO thin film of Example 1-7 had a specific resistance
0f1.66 E*° Qcm and the ITO thin film of Comparative 1-7 had
a specific resistance of 8.66 E~' Qcm. The specific resistance
of'the ITO thin film of Example 1-7 was larger than that of the
ITO thin film of Comparative 1-7 because the [TO thin film of
Example 1-7 was treated by the oxygen plasma. Thus, it was
found that the I1TO thin film of Example 1-7 was a semicon-
ductor thin film.
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TABLE 6
carrier
specific resistance  density mobility
[Qcm] [fem?)] [em?/V - sec]
sputtered ITO film 8.66E! 1.54E*2° 46.8
plasma-treated ITO film 1.66E*° 1.29E+Y7 29

Table 6 also shows carrier densities and mobilities of the
ITO thin film of Example 1-7 and the ITO thin film of Com-
parative 1-7, which were obtained by Hall measurement.

The ITO thin film of Example 1-7 had a carrier density of
1.29 E*'"/em® and a mobility of 2.9 cm?*/V-sec. On other
hand, the ITO thin film of Comparative 1-7 had a carrier
density of 1.54 E*'®/cm® and a mobility of 46.8 cm®/V-sec.

Accordingly, it was found that the ITO thin film of
Example 1-7, the carrier density of which was lower than that
of the ITO thin film of Comparative 1-7, was obtained by
exposing the ITO thin film of Comparative 1-7 to the oxygen
plasma.

Also, it was found that the ITO thin film of Example 1-7,
the mobility of which was lower than that of the ITO thin film
of Comparative 1-7, was obtained by exposing the ITO thin
film of Comparative 1-7 to the oxygen plasma.

Example 1-8 and Comparative 1-8

Except that a target containing indium oxide, tin oxide and
samarium oxide (molar ratio of In:Sn:Sm=60:35:5) was used,
indium oxide-tin oxide-samarium oxide (ITSmO) thin films
were formed in the same manner as in Example 1-1 and
Comparative 1-1.

Evaluation of ITSmO Thin Films of Example 1-8
and Comparative 1-8

The X-ray diffraction was conducted on the ITSmO thin
film as an amorphous oxide thin film obtained in Comparative
1-8 and the ITSmO thin film exposed to the oxygen plasma
obtained in Example 1-8. The ITSmO thin film obtained in
Comparative 1-8 was amorphous because an X-ray diffrac-
tion peak was not observed. The ITSmO thin film exposed to
the oxygen plasma obtained in Example 1-8 was also amor-
phous because an X-ray diffraction peak was not observed.

Table 7 shows specific resistances of the ITSmO thin film
of Example 1-8 and the ITSmO thin film of Comparative 1-8.

The ITSmO thin film of Example 1-8 had a specific resis-
tance of 7.07 E*' Qcm and the ITSmO thin film of Compara-
tive 1-8 had a specific resistance of 7.95 E~> Qm. The specific
resistance of the ITSmO thin film of Example 1-8 was larger
than that of the ITSmO thin film of Comparative 1-8 because
the ITSmO thin film of Example 1-8 was treated by the
oxygen plasma. Thus, it was found that the ITSmO thin film

of Example 1-8 was a semiconductor thin film.
TABLE 7
specific
resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered ITSmO film 7.95E73 1.76E*Y 44.6
plasma-treated ITSmO film  7.07E*! 6.02E*Y7 14.6

Table 7 also shows carrier densities and mobilities of the
ITSmO thin film of Example 1-8 and the ITSmO thin film of
Comparative 1-8, which were obtained by Hall measurement.
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The ITSmO thin film of Example 1-8 had a carrier density
of 6.02 E*'7/cm® and a mobility of 14.6 cm*/V-sec. On other
hand, the ITSmO thin film of Comparative 1-8 had a carrier
density of 1.76 E*'®/cm® and a mobility of 44.6 cm®/V-sec.

Accordingly, it was found that the ITSmO thin film of
Example 1-8, the carrier density of which was lower than that
of'the ITSmO thin film of Comparative 1-8, was obtained by
exposing the ITSmO thin film of Comparative 1-8 to the
oxygen plasma.

Also, it was found that the ITSmO thin film of Example
1-8, the mobility of which was lower than that of the ITSmO
thin film of Comparative 1-8, was obtained by exposing the
ITSmO thin film of Comparative 1-8 to the oxygen plasma.

Example 1-9 and Comparative 1-9

Except that a spattering target containing indium oxide and
samarium oxide (molar ratio of In:Sm=90:10) was used,
indium oxide-samarium oxide (ISmO) thin films were
formed in the same manner as in Example 1-1 and Compara-
tive 1-1. [Evaluation of ISmO thin films of Example 1-9 and
Comparative 1-9]

The X-ray diffraction was conducted on the ISmO thin film
as an amorphous oxide thin film obtained in Comparative 1-9
and the ISmO thin film exposed to the oxygen plasma
obtained in Example 1-9. The ISmO thin film obtained in
Comparative 1-9 was amorphous because an X-ray diffrac-
tion peak was not observed. The ISmO thin film exposed to
the oxygen plasma obtained in Example 1-9 was also amor-
phous because an X-ray diffraction peak was not observed.

Table 8 shows specific resistances of the ISmO thin film of
Example 1-9 and the ISmO thin film of Comparative 1-9.

The ISmO thin film of Example 1-9 had a specific resis-
tance of 9.53 E*° Qcm, and the ISmO thin film of Compara-
tive 1-9 had a specific resistance of 5.18 E=> Qcm. The spe-
cific resistance of the ISmO thin film of Example 1-9 was
larger than that of the ISmO thin film of Comparative 1-9
because the ISmO thin film of Example 1-9 was treated by the
oxygen plasma. Thus, it was found that the ISmO thin film of
Example 1-9 was a semiconductor thin film.

TABLE 8
specific
resistance  carrier density mobility
[Qcm] [fem?] [em?/V - sec]
sputtered ISmO film 5.18E2 4.96E*18 24.3
plasma-treated ISmO film 9.53E*° 479E+Y 14

Table 8 also shows carrier densities and mobilities of the
ISmO thin film of Example 1-9 and the ISmO thin film of
Comparative 1-9, which were obtained by Hall measurement.

The ISmO thin film of Comparative 1-9 had a carrier den-
sity of 4.79 E*'7/em® and a mobility of 1.4 cm*/V-sec. On
other hand, the ISmO thin film of Comparative 1-9 had a
carrier density of 4.96 E*'®/cm® and a mobility of 24.3 cm?/
V-sec.

Accordingly, it was found that the ISmO thin film of
Example 1-9, the carrier density of which was lower than that
of the ISmO thin film of Comparative 1-9, was obtained by
exposing the ISmO thin film of Comparative 1-9 to the oxy-
gen plasma.

Also, it was found that the ISmO thin film of Example 1-9,
the mobility of which was lower than that of the ISmO thin
film of Comparative 1-9, was obtained by exposing the ISmO
thin film of Comparative 1-9 to the oxygen plasma.
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According to Examples as described above, it was found
that a semiconductor thin film having low carrier density and
stable semiconductor properties was obtained by the expo-
sure to the oxygen plasma.

Examples of Second Exemplary Embodiment
Comparative 2-1

With the use of an RF (radio frequency) magnetron sput-
tering apparatus (manufactured by SHIMADZU CORPO-
RATION), an indium oxide thin film having thickness of 100
nm was formed on a glass substrate by sputtering in the
presence of argon gas with different oxygen concentration at
room temperature.

A target was made of only indium oxide.

Four types of indium oxide thin films were obtained by
adjusting the oxygen concentration to 0%, 3%, 5% and 10%
during film formation.

Example 2-1

The indium oxide thin films of Comparative 2-1 were used
as base thin films. These base thin films were exposed for 10
minutes to a plasma generated under the condition that fre-
quency was 13.56 MHz, amplifier power was 500 W and
oxygen pressure was 330 Pa.

Evaluation of Indium Thin Films of Example 2-1
and Comparative 2-1

FIG. 2 shows relationships between oxygen concentration
during the film formation and specific resistances of the
formed indium oxide thin films.

In Comparative 2-1, the specific resistance of the indium
oxide thin film was increased in accordance with the increase
of the oxygen concentration during the film formation.

The specific resistance of the plasma-treated indium oxide
thin film of Example 2-1 was 1.0x10° Qcm or more, which
was larger than that of Comparative 2-1. Accordingly, it was
found that the indium oxide thin film obtained in Example 2-1
was a semiconductor thin film.

FIG. 3 shows X-ray diffraction patterns of the indium oxide
thin films of Example 2-1 and Comparative 2-1.

As is appreciated from FIG. 3, in the indium oxide thin film
of Comparative 2-1 (B, D, F, H in FIG. 3), X-ray diffraction
peaks were not observed irrespective of oxygen concentra-
tion. Accordingly, it was found that the indium oxide thin film
of Comparative 2-1 was amorphous.

On the other hand, in the plasma-treated indium oxide thin
film of Example 2-1 (A, C, E, G in FIG. 3), X-ray diffraction
peaks were observed irrespective of oxygen concentration.
Accordingly, it was found that the indium oxide thin film of
Example 2-1 was crystalline. At this time, the X-ray diffrac-
tion pattern was a diffraction pattern in the bixbyite structure
of indium oxide.

FIG. 4 and FIG. 5 show carrier densities and mobilities of
indium oxide thin films of Example 2-1 and Comparative 2-1,
which were obtained by Hall measurement.

As seen from FIG. 4, the carrier density of the indium oxide
thin film of Comparative 2-1 was reduced to the order of
1.0x10"®/cm> in accordance with the increase of oxygen con-
centration during the film formation. On the other hand, the
carrier density of the plasma-treated indium oxide thin film of
Example 2-1 stayed within the order of 1.0x10'7/cm>. Thus,
it was found that the indium oxide thin film of Example 2-1
was effective as a semiconductor.
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As seen from FIG. 5, the mobility of the indium oxide thin
film was reduced as the oxygen concentration during the film
formation was increased. However, the mobility was 1 cm?/
V-sec or more, which was larger than that of an amorphous
silicon semiconductor thin film.

Example 2-2 and Comparative 2-2

Except that a target made of indium oxide containing 1 to
3 mass % of zinc oxide (manufactured by Idemitsu Kosan
Co., Ltd.) was used and oxygen concentration during film
formation was fixed at 0%, indium oxide thin films were
formed in the same manner as in Example 2-1 and Compara-
tive 2-1.

Evaluation of Indium Oxide Thin Films of Example
2-2 and Comparative 2-2

FIG. 6 shows relationships between concentration of zinc
oxide in the indium oxide films and specific resistances of the
indium oxide thin films.

As is appreciated from FIG. 6, the non-plasma-treated
indium oxide thin film of Comparative 2-2 had a specific
resistance of the order of 1.0x10~* m, and thus was a con-
ductive material.

On the other hand, the plasma-treated indium oxide thin
film of Example 2-2 had a specific resistance of the order of
1.0x10' Qcm or more, and thus was a semiconductor.

FIG. 7 shows X-ray diffraction patterns of the indium oxide
thin films of Example 2-2 and Comparative 2-2.

Asis appreciated from FIG. 7, in the indium oxide thin film
of Comparative 2-2 (B, D, F in FIG. 7), X-ray diffraction
peaks were not observed irrespective of the concentration of
zinc oxide. Accordingly, it was found that the indium oxide
thin film of Comparative 2-2 was amorphous.

On the other hand, in the plasma-treated indium oxide thin
film of Example 2-2 (A, C, E in FIG. 7), X-ray diffraction
peaks were observed irrespective of the content of zinc oxide.
Accordingly, it was found that the indium oxide thin film of
Example 2-2 was crystalline. At this time, the X-ray diffrac-
tion pattern was a diffraction pattern in the bixbyite structure
of indium oxide.

FIG. 8 and FIG. 9 show carrier densities and mobilities of
indium oxide thin films of Example 2-2 and Comparative 2-2.

As seen from FIG. 8, the indium oxide thin film of Com-
parative 2-2 had a carrier density of the order of 1.0x10*°/cm>
or more, and thus was a conductive material. On the other
hand, the plasma-treated indium oxide thin film of Example
2-2 had a carrier density of the order of 1.0x10'7/cm? or less,
and thus was an excellent semiconductor.

As seen from FI1G. 9, the plasma-treated indium oxide thin
film of Example 2-2 had a mobility of 15 cm®/V-sec or more
atthe highest. Accordingly, it was found that the indium oxide
thin film of Example 2-2 had excellent semiconductor prop-
erties and switching properties.

Though zinc oxide was exemplarily used as positive diva-
lent metal oxide in Example 2-2, the same result can be
obtained with use of magnesium oxide, cobalt oxide, nickel
oxide or copper oxide. According to experiments in which
ferric oxide (II), platinum oxide, silver oxide, palladium
oxide and auric oxide were used as positive divalent metal
oxide, the reduction in the carrier density as shown in FIG. 8
was not observed. Consequently, it was found that zinc oxide,
magnesium oxide, cobalt oxide, nickel oxide and copper
oxide exhibited excellent addition effect as positive divalent
metal oxide.
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Example 2-3 and Comparative 2-3

Except that a target made of indium oxide containing 3
mass % of ytterbium oxide was used, indium oxide thin films
were formed in the same manner as in Example 2-1 and
Comparative 2-1.

Evaluation of Indium Oxide Thin Films of Example
2-3 and Comparative 2-3

FIG. 10 shows relationships between oxygen concentra-
tion during film formation and specific resistances of the
formed indium oxide thin films.

As is appreciated from FIG. 10, a specific resistance of the
indium oxide thin film of Comparative 2-3 changed from the
order of 1.0x107> Qcm to the order of 1.0x1072 Qcm in
accordance with the increase of the oxygen concentration
during the film formation. Despite the changes, the indium
oxide thin film of Comparative 2-3 was a conductive material.

On the other hand, the indium oxide thin film of Example
2-3 had a specific resistance of the order of 1.0x10° Qcm or
more, and thus was a semiconductor.

FIG. 11 shows X-ray diffraction patterns of the indium
oxide thin films of Example 2-3 and Comparative 2-3.

As is appreciated from FIG. 11, in the indium oxygen thin
film of Comparative 2-3 (B, D, F, H in FIG. 11), X-ray
diffraction peaks were not observed irrespective of oxygen
concentration. Accordingly, it was found that the indium oxy-
gen thin film of Comparative 2-3 was amorphous.

On the other hand, in the plasma-treated indium oxide thin
film of Example 2-3 (A, C, E, Gin FIG. 11), X-ray diffraction
peaks were observed irrespective of oxygen concentration.
Accordingly, it was found that the indium oxygen thin film of
Example 2-3 was crystalline. At this time, the X-ray diffrac-
tion pattern was a diffraction pattern in the bixbyite structure
of indium oxide.

FIGS. 12 and 13 show carrier densities and mobilities of
the indium oxide thin films of Example 2-3 and Comparative
2-3.

As is appreciated from FIG. 12, the carrier density of the
indium oxide thin film of Comparative 2-3 changed from the
order of 1.0x10%%cm? to the order of 1.0x10"%/cm>. Despite
the changes, the indium oxide thin film of Comparative 2-3
was a conductive material. On the other hand, the carrier
density of the plasma-treated indium oxide thin film of
Example 2-3 was of the order of 1.0x10"7/cm?®. Thus, the
indium oxide thin film of Example 2-3 was an excellent
semiconductor.

As seen from FIG. 13, the plasma-treated indium oxide
thin film of Example 2-3 had a mobility of 2 cm?/V-sec or
more at the highest. Accordingly, it was found that the indium
oxide thin film of Example 2-3 had excellent semiconductor
properties and switching properties.

Though ytterbium oxide was exemplarily used as positive
trivalent metal oxide in Example 2-3, the same result can be
obtained with use of boron oxide, aluminum oxide, gallium
oxide, scandium oxide, yttrium oxide, lanthanum oxide,
neodymium oxide, samarium oxide, europium oxide, gado-
linium oxide, dysprosium oxide, holmium oxide, erbium
oxide, thulium oxide or lutetium oxide. Incidentally, though
thallium oxide may be another example of positive trivalent
metal oxide, thallium oxide is considered not to become a
semiconductor because a lot of oxygen vacancies are possibly
generated.

Example 2-4

Except that a target made of indium oxide containing 3
mass % of zinc oxide and 2 mass % of ytterbium oxide was
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used and oxygen concentration during film formation was
fixed at 1%, an indium oxide thin film was formed in the same
manner as in Example 2-1.

As in Example 2-1 and Example 2-3, the indium oxide thin
film right after being formed was amorphous in Example 2-4.
However, a result of X-ray diffraction measurement showed
that the indium oxide thin film of Example 2-4 was crystal-
lized by plasma treatment.

A specific resistance of the indium oxide thin film of
Example 2-4 was 1.0x10" Qcm or more. Accordingly, it was
found that the indium oxide thin film of Example 2-4 was
effective as a semiconductor. In addition, a carrier density of
the indium oxide thin film of Example 2-4 was of the order of
1.0x10"7/cm® or less. Accordingly, it was found that the
indium oxide thin film of Example 2-4 was capable of pro-
viding a thin film transistor in a normally off condition.

Though zinc oxide was exemplarily used as positive diva-
lent metal oxide in Example 2-4, the same result can be
obtained with use of magnesium oxide, cobalt oxide, nickel
oxide or copper oxide. Though ytterbium oxide was exem-
plarily used as positive trivalent metal oxide, the same result
can be obtained with use of boron oxide, aluminum oxide,
gallium oxide, scandium oxide, yttrium oxide, lanthanum
oxide, neodymium oxide, samarium oxide, europium oxide,
gadolinium oxide, dysprosium oxide, holmium oxide, erbium
oxide, thulium oxide or lutetium oxide.

Example 2-5

With the use of a target made of indium oxide including 5
mass % of zinc oxide, an indium oxide thin film having
thickness of 50 nm was formed on a glass substrate by sput-
tering in the presence of argon gas with different oxygen
concentration at room temperature.

The formed indium oxide thin film was exposed for 5
minutes to an RF plasma of 13.56 MHz under the condition
that oxygen was 100% and inner pressure was 330 Pa. Being
plasma-treated with amplifier powers of 100 W, 200 W, 300
W, 400 W and 500 W respectively, five indium oxide thin
films were obtained.

FIG. 14 shows a relationship between the amplifier power
during the plasma treatment and specific resistances of the
indium oxide thin films.

As seen from FIG. 14, the specific resistance was abruptly
increased when the amplifier power in the plasma treatment
became approximately 300 W. Further, a result of X-ray dif-
fraction measurement showed that the indium oxide thin films
of which specific resistance was increased were crystalline.
Incidentally, the amplifier power during the plasma treatment
changes depending on the size of a substrate and the volume
of space for generating a plasma.

FIG. 15 shows a relationship between plasma exposed time
and a specific resistance of the indium oxide thin film that was
plasma-treated with the amplifier power of 500 W while
oxygen partial pressure was varied.

When the oxygen partial pressure was 130 Pa or 530 Pa, the
specific resistance became 1.0x10° to 1.0x10* Qcm due to the
exposure for approximately 10 minutes and thus the indium
oxide thin film was turned into a semiconductor. According to
the X-ray diffraction measurement, a crystal peak was
observed and it was confirmed that the indium oxide thin film
was crystalline.

Example 2-6

Except that a target made of indium oxide containing 1 to
7.5 mass % of zinc oxide was used and oxygen partial pres-
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sure was varied during plasma treatment, an indium oxide
thin film was formed in the same manner as in Example 2-1
and Comparative 2-1.

FIG. 16 shows a relationship between concentration of zinc
oxide and a specific resistance of the indium oxide thin film
while the oxygen partial pressure was varied during the
plasma treatment.

When the indium oxide thin film was plasma-treated under
the oxygen partial pressure of 130 Pa, a specific resistance of
the indium oxide thin film was of the order of 1.0x10? Qcm or
more. Thus, the indium oxide thin film was effective as a
semiconductor. When the indium oxide thin film was plasma-
treated under the oxygen partial pressure of 330 Pa, the spe-
cific resistance was of the order of 1.0x10%> Qcm when the
concentration of zinc oxide was 3 mass % or less, but was of
the order of 1.0x10' Qcm when the content of zinc oxide was
4 mass % or more. When the indium oxide thin film was
plasma-treated under the oxygen partial pressure of 530 Pa,
the specific resistance was maximized when the content of
zinc oxide was 2 to 3 mass %, and then reduced to the order of
1.0x10° Qcm. Thus, it was found that the indium oxide thin
film was a conductive material.

It should be noted that the invention is not limited to the
above-described embodiments, but includes modifications
and improvements as long as an object of the invention can be
achieved.

Specific materials and processes in carrying out the inven-
tion may be altered as long as an object of the invention can be
achieved.

Modification of First Exemplary Embodiment

Though the applied frequency is in the range of 1 kHz to
300 MHz, the invention is not limited thereto. For example,
the applied frequency may beless than 1 kHz. At this time, the
oxidation rate is reduced. Accordingly, a semiconductor thin
film having a desired carrier concentration may be obtained
by a long process.

On the other hand, the applied frequency may be more than
300 MHz. At this time, the oxidation rate is increased.
Accordingly, a semiconductor thin film can be efficiently
manufactured, but the selection of substrate needs to be prop-
erly made because the substrate may be heated.

Though the amorphous oxide thin film is formed by the
sputtering method, ion-plating method, vacuum deposition
method, sol-gel method or fine particle application method in
the first exemplary embodiment, the invention is not limited
thereto. The amorphous oxide thin film may be formed by, for
instance, an ARE method, electron beam deposition method,
line beam laser deposition method or pulsed laser deposition
method. Incidentally, the lower limit of deposition tempera-
ture is preferably lower than heat distortion temperature of the
substrate.

Though zinc oxide and magnesium oxide are exemplarily
used as positive divalent metal oxide in the first exemplary
embodiment, the positive divalent metal oxide is not limited
thereto.

For instance, the positive divalent metal oxide may be
beryllium oxide, calcium oxide, strontium oxide, barium
oxide, radium oxide, cadmium oxide or mercury oxide.

Though boron oxide or the like is exemplarily used as
positive trivalent metal oxide in the first exemplary embodi-
ment, the positive trivalent metal oxide is not limited thereto.

For instance, the positive trivalent metal oxide may be
cerium oxide, praseodymium oxide, promethium oxide or
terbium oxide.
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Further, though the amorphous oxide thin film containing
positive divalent metal oxide and positive trivalent metal
oxide is exemplified in the first exemplary embodiment, the
amorphous oxide thin film is not limited thereto.

For instance, the amorphous oxide thin film may contain at
least one or more of metal oxides such as positive divalent
metal oxide, positive trivalent metal oxide, positive tetrava-
lent metal oxide, positive pentavalent metal oxide and posi-
tive hexavalent metal oxide.

Though the amorphous oxide thin film contains indium
oxide and a positive divalent metal compound as main com-
ponents in the first exemplary embodiment, the amorphous
oxide thin film is not limited thereto.

For instance, the amorphous oxide thin film may contain
indium oxide and a positive trivalent metal compound as main
components.

Also, though the amorphous thin film contains zinc oxide
and tin oxide as main components in the first exemplary
embodiment, the amorphous thin film is not limited thereto.

For instance, the amorphous oxide thin film may contain
zinc oxide and a positive divalent metal compound as main
components. Alternatively, the amorphous oxide thin film
may contain zinc oxide and a positive trivalent metal com-
pound as main components. Further, the amorphous oxide
thin film may contain tin oxide and a positive divalent metal
compound as main components. Furthermore, the amorphous
oxide thin film may contain tin oxide and a positive trivalent
metal compound as main components.

The conditions for generating the oxygen plasma such as
applied frequency and pressure are not limited to those exem-
plified in the first exemplary embodiment.

Even under other conditions, the same advantages can be
attained as in the first exemplary embodiment as long as an
oxygen plasma can be generated and an amorphous semicon-
ductor thin film, an electronic carrier concentration of which
is reduced by oxidizing an amorphous oxide thin film, can be
obtained.

Modification of Second Exemplary Embodiment

Though the amorphous oxide thin film containing positive
divalent metal oxide and positive trivalent metal oxide is
exemplified in the second exemplary embodiment, the amor-
phous oxide thin film is not limited thereto.

The amorphous oxide thin film may not contain positive
divalent metal oxide or positive trivalent metal oxide, and
may contain only either one of them.

Without the above components, indium oxide (i.e., a main
component of the amorphous oxide thin film) is nevertheless
crystallized by an oxygen plasma and oxygen is fixed to a
semiconductor thin film by the oxygen plasma as in the sec-
ond exemplary embodiment. Thus, the same advantages can
be attained as in the second exemplary embodiment.

The conditions for generating the oxygen plasma such as
applied frequency, types of gas and pressure are not limited to
those exemplified in the second exemplary embodiment.

Even under other conditions, the same advantages can be
attained as in the second exemplary embodiment as long as an
oxygen plasma can be generated and indium oxide can be
crystallized.

The invention claimed is:

1. An amorphous semiconductor thin film, comprising an
amorphous oxide thin film containing amorphous oxide, the
amorphous semiconductor thin film being amorphous and
being obtained by exposing the amorphous oxide thin film to
an oxygen plasma generated by exciting an oxygen-contain-
ing gas in high frequency, the oxygen plasma being generated
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under conditions that applied frequency is 1 kHz or more and
300 MHz or less, and pressure is 5 Pa or more and 0.1 MPa or
less,
wherein the amorphous oxide thin film is a thin film con-
taining indium oxide as a main component, and the
amorphous oxide thin film additionally contains positive
trivalent metal oxide other than indium oxide, and

wherein the positive trivalent metal oxide is at least one or
more of metal oxides selected from boron oxide, alumi-
num oxide, scandium oxide, yttrium oxide, lanthanum
oxide, neodymium oxide, samarium oxide, europium
oxide, gadolinium oxide, dysprosium oxide, holmium
oxide, erbium oxide, thulium oxide, ytterbium oxide and
lutetium oxide.

2. The amorphous semiconductor thin film according to
claim 1, wherein the amorphous oxide thin film is formed by
one of a sputtering method, ion-plating method, vacuum
deposition method, sol-gel method and fine particle applica-
tion method.

3. An amorphous semiconductor thin film, comprising an
amorphous oxide thin film containing amorphous oxide, the
amorphous semiconductor thin film being amorphous and
being obtained by exposing the amorphous oxide thin film to
an oxygen plasma generated by exciting an oxygen-contain-
ing gas in high frequency, the oxygen plasma being generated
under conditions that applied frequency is 1 kHz or more and
300 MHz or less, and pressure is 5 Pa or more and 0.1 MPa or
less,

wherein the amorphous oxide thin film contains indium

oxide and magnesium oxide as main components.

4. The amorphous semiconductor thin film according to
claim 3, wherein the amorphous oxide thin film additionally
contains at least one or more of metal oxides selected from
boron oxide, aluminum oxide, gallium oxide, scandium
oxide, yttrium oxide, lanthanum oxide, neodymium oxide,
samarium oxide, europium oxide, gadolinium oxide, dyspro-
sium oxide, holmium oxide, erbium oxide, thulium oxide,
ytterbium oxide and lutetium oxide.

5. An amorphous semiconductor thin film, comprising an
amorphous oxide thin film containing amorphous oxide, the
amorphous semiconductor thin film being amorphous and
being obtained by exposing the amorphous oxide thin film to
an oxygen plasma generated by exciting an oxygen-contain-
ing gas in high frequency, the oxygen plasma being generated
under conditions that applied frequency is 1 kHz or more and
300 MHz or less, and pressure is 5 Pa or more and 0.1 MPa or
less,

wherein the amorphous oxide thin film contains indium

oxide and tin oxide as main components, and

wherein the amorphous oxide thin film additionally con-

tains positive trivalent metal oxides selected from the
group consisting of boron oxide, aluminium oxide, scan-
dium oxide, yttrium oxide, lanthanum oxide, neody-
mium oxide, samarium oxide, europium oxide, gado-
linium oxide, dysprosium oxide, holmium oxide,
erbium oxide, thulium oxide, ytterbiuim oxide and lute-
tium oxide.

6. An amorphous semiconductor thin film, comprising an
amorphous oxide thin film containing amorphous oxide, the
amorphous semiconductor thin film being amorphous and
being obtained by exposing the amorphous oxide thin film to
an oxygen plasma generated by exciting an oxygen-contain-
ing gas in high frequency, the oxygen plasma being generated
under conditions that applied frequency is 1 kHz or more and
30 MHz or less, and pressure is 5 Pa or more and 0.1 MPa or
less,
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wherein the amorphous oxide thin film contains indium
oxide and tin oxide as main components, and

wherein the amorphous oxide thin film contains magne-
sium oxide as a divalent metal oxide.
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